Abstract | Fibrosis in multiple organs is a prominent pathological finding and distinguishing hallmark of systemic sclerosis (SSc). Findings during the past 5 years have contributed to a more complete understanding of the complex cellular and molecular underpinning of fibrosis in SSc. Fibroblasts, the principal effector cells, are activated in the profibrotic cellular milieu by cytokines and growth factors, developmental pathways, endothelin 1 and thrombin. Innate immune signaling via Toll-like receptors, matrixgenerated biomechanical stress signaling via integrins, hypoxia and oxidative stress seem to be implicated in perpetuating the process. Beyond chronic fibroblast activation, fibrosis represents a failure to terminate tissue repair, coupled with an expanded population of mesenchymal cells originating from bone marrow and transdifferentiation of epithelial cells, endothelial cells and pericytes. In addition, studies have identified intrinsic alterations in SSc fibroblasts resulting from epigenetic changes, as well as altered microRNA expression that might underlie the cell-autonomous, persistent activation phenotype of these cells. Precise characterization of the deregulated extracellular and intracellular signaling pathways, mediators and cellular differentiation programs that contribute to fibrosis in SSc will facilitate the development of selective, targeted therapeutic strategies. Effective antifibrotic therapy will ultimately involve novel compounds and repurposing of drugs that are already approved for other indications.
Introduction
Systemic sclerosis (SSc) is characterized by immune dysregulation, obliterative microvasculopathy and fibrosis, but the relative severity and rate of progression of these processes varies from one patient to another. In the diffuse cutaneous form of SSc, fibrosis is typically the dominant feature. In contrast to organ-specific fibrosing diseases such as glomerulo sclerosis, hypertrophic scars and pulmonary fibrosis, fibrosis occurs in multiple organs in SSc. Immune perturbations and vascular injury precede and contribute to the development of fibrosis, which, in turn, further exacerbates vascular and immune damage. 1 To date, no therapy has been shown to reverse or arrest the progression of fibrosis, representing a major unmet medical need.
The pathogenesis of fibrosis in SSc has been the subject of several reviews published during the past 5 years. [2] [3] [4] This Review highlights the most recent discoveries that are yielding a more complete-but at the same time more complex-view of fibrosis in SSc, and have opened doors for the develop ment of targeted antifibrotic therapies. [5] [6] [7] Because the skin is a prominent organ affected in SSc and is readily accessible for biopsy, much of the recently described information regarding fibrosis relates to skin cells. However, it is reasonable to presume that the pathways and mechanisms implicated in skin fibrosis are also operational in other cell types and organs. The key insights include the following: fibrosis in SSc involves largely the same effector cells and cellular transformations, signaling molecules and pathways implicated in other (organ-specific) fibrosing conditions ( Figure 1) ; fibrosis represents deregulated wound healing, due in part to loss of intrinsic compensatory mechanisms and to aberrant recapitulation of embryological developmental programs; and, while indiscriminate immuno suppression is not effective in controlling fibrosis, this process is in fact potentially reversible.
In SSc, the tightly regulated and self-limited response to injury that normally leads to tissue regeneration is subverted into fibrosis, with disruption of tissue architecture and loss of functional integrity. Underlying this switch is unopposed fibroblast activation due to loss of the normal constraints imposed by cytokines and receptor antagonists, intracellular nuclear receptors and microRNAs (miRNAs). Once initiated, fibrosis is escalated through multiple feed-forward amplification loops that are generated as a consequence of tissue damage, increased matrix stiffness, hypoxia, oxidative stress, and accumulation of damage-associated molecular patterns (DAMPs), which promote fibroblast activation and differentiation via innate immune signaling ( Figure 2 ). Thus, a primary vascular or immune event causes persistent fibroblast activation and progressive injury, resulting in a vicious cycle. Intersitial and perivascular fibrosis in the lungs, heart, kidneys and other organs accounts for the late mortality of patients with SSc. pathways, prominent among which are transforming growth factor β (TGF-β) and Wnt pathways. 10 A number of extracellular matrix genes associated with bone and cartilage, such as collagen types X and XI and cartilage oligomeric matrix protein, show increased expression in the lesional skin. Additionally, gene classes involved in innate immune signaling, lipid metabolism and hypoxia are abnormally expressed in particular patient subsets. Continuing refinements to data analysis, mapping of specific molecular signatures to individual patient subsets, longitudinal assessment of molecular signatures in serial skin biopsies, and examination of larger cohorts of clinically well-characterized patients, along with meticulous correlation of molecular fingerprints with disease phenotypes, will be needed not only to validate the distinct Figure 1 | Cellular and molecular pathways underlying fibrosis in systemic sclerosis. Injury caused by viruses, autoantibodies, ischemia-reperfusion or toxins triggers vascular damage and inflammation. Activated inflammatory cells secrete cytokines and growth factors. Endothelial injury results in generation of ROS, intravascular coagulation and platelet activation with release of serotonin, vasoactive mediators, thrombin and platelet-derived growth factor, and sets in motion progressive vascular remodeling leading to luminal occlusion, reduced blood flow and tissue hypoxia. Secreted mediators, such as TGF-β and Wnt10b, cause fibroblast activation and differentiation into myofibroblasts, which produce excess amounts of collagen, contract and remodel the connective tissue, and resist elimination by apoptosis. The stiff and hypoxic ECM of the fibrotic tissue further activates myofibroblasts. Injury also directly induces transdifferentiation of pericytes, epithelial cells and endothelial cells into myofibroblasts, expanding the tissue pool of matrix-synthesizing, activated myofibroblasts. Abbreviations: CXCL12, CXC-chemokine ligand 12; CXCR4, CXC-chemokine receptor 4; ECM, extracellular matrix; IFN, interferon; ROS, reactive oxygen species; TGF-β, transforming growth factor β; T H 2 cell, type 2 helper T cell; TLR, Toll-like receptor. molecular signatures, but also to establish the significance of the subsets and, more importantly, their impact on clinical decision making (such as prediction of treatment responders). A microarray analysis of lung biopsy samples from SSc patients with end-stage lung disease demonstrated unique molecular signatures that accurately reflected the disease phenotype (pulmonary fibrosis versus pulmonary hypertension).
14 SSc-affected lungs were differentially enriched with expression of genes in functional groups related to fibrosis, insulin-like growth factor signaling and caveolin endocytosis.
Fibroblasts are activated in SSc
In the 1970s, LeRoy first demonstrated that explanted SSc skin fibroblasts overproduce collagen when propagated ex vivo on plastic compared with cells from healthy controls. 15, 16 Subsequent studies showed that, in culture, SSc fibroblasts have a number of other characteristics: these cells secrete cytokines and chemokines, express cellsurface integrin adhesion molecules and receptors for TGF-β, platelet-derived growth factor (PDGF) and CCL2; they differentiate into myofibroblasts with promi nent stress fibers; they display enhanced matrix adhesion and contractile properties; and they spontaneously generate reactive oxygen species (ROS).
1,2 These phenotypic alterations persist for a number of ex vivo passages. Surprisingly, more-recent studies using genome-wide expression profiling reported that, under ex vivo culture conditions, only modest differences in gene expression are observed between SSc fibroblasts and control fibroblasts. 10, 11 The activated phenotype of SSc fibroblasts might reflect their persistent autocrine stimulation by TGF-β and other profibrotic stimuli, 17 or cell-autonomous perturbations of intracellular signal ing molecules and pathways that are inherent to SSc fibroblasts (Box 1). Alternatively, the activated pheno type could represent the durable memory of paracrine or autocrine activation and epi genetic events, such as DNA methylation mediated by DNA methyltransferases, histone acetylation with chromatin remodeling, and downregulation of selected miRNAs. [17] [18] [19] [20] [21] [22] [23] [24] Altered patterns of histone acetylation and DNA methylation at multiple genetic loci have been demon strated in SSc: for example, transcriptional silencing of repressive genes such as FLI1 and SMAD7 in SSc fibroblasts results in derepression of profibrotic gene expression. 20, 25 Histone hyperacetylation in fibrosis might result from a relative imbalance between histone acetylation and its inhibition by a family of histone deacetylase (HDAC) enzymes. 18, 26, 27 Indeed, enhancing histone acetyla tion by inhibiting HDAC with agents such as tricho statin A results in abrogation of fibrotic gene expression and other TGF-β-induced responses, and might have therapeutic potential in SSc. 18, 28, 29 
MicroRNAs
Emerging evidence assigns an increasingly important role to miRNAs in fibrosis. 21 miRNAs are short (~22 nucleotides), evolutionarily conserved, single-stranded noncoding RNAs that modulate gene expression at the post-transcriptional level. The estimated 1,000 miRNAs encoded in the human genome are expressed in a tissuespecific and cell-type-specific manner. The transcription of miRNA genes can be independently regulated via their own promoters, or can be under the regulation of, and coexpressed with, the genes in which they are embedded. miRNAs selectively bind to complementary regions of mRNA transcripts and suppress gene expression via two non-mutually-exclusive mechanisms: inhibiting mRNA translation or facilitating mRNA degradation.
miRNAs are key regulators of tissue development, differentiation and repair. Microarray analysis has shown prominent changes in the expression of let-7, miR-21, miR-29 and miR-155 in lung fibrosis. 22 These miRNAs are regulated by TGF-β, and have as their predicted targets genes involved in matrix repair and remodeling, such as collagens, matrix metalloproteinases and integrins, as well as Smad signaling proteins. miR-21 and miR-155 are profibrotic and show elevated expression in fibrosis, whereas let-7 and miR-29 are antifibrotic. The expression of miR-29 is reduced in cardiac fibrosis, which might cause the upregulation (derepression) of fibrotic genes. 23 Markedly decreased levels of miR-29 have also been observed in lesional skin and explanted fibroblasts from patients with SSc. 24 A causal role for miR-29 in fibrosis was indicated by the finding that rescue with exogenous miRNA normalized the activated SSc fibroblast phenotype in vitro.
Thus, elevated expression of profibrotic miRNAs or reduced expression of antifibrotic miRNAs are likely to be important in the development of fibrosis in SSc. Regulation of miRNA expression could be thera peutically exploited. Moreover, as miRNAs circulating as lipidenclosed exosomes can be measured in the blood, they also represent potential biomarkers of fibrosis.
Cell fate switching in fibrosis
Although fibroproliferation is not prominent in SSc, the population of phenotypically active mesenchymal cells is expanded in lesional tissue. This might reflect transition of differentiated cells into fibroblasts or myofibroblasts, apoptosis resistance of myofibroblasts, or 30 We have shown that alveolar epithelial cells transition into myofibroblasts under hypoxic conditions, with loss of E-cadherin and acquisition of mesen chymal markers. 31 A recent study, published in 2011, demonstrated that pulmonary vascular endothelial cells stimulated by TGF-β lose VE-cadherin expression and differentiate into myofibroblasts. 32 This response was mediated by the tyrosine kinase c-Abl and Snail, a transcription factor with essential roles in EMT and myofibroblast differentiation. In light of the prominence of microangiopathy in SSc, it is tempting to consider injuryinduced myofibroblast differentiation as a process linking vascular injury and fibrosis. While TGF-β seems to be the most potent stimulus for both EMT and myofibroblast differentiation, other triggers could also be important in SSc. These include Wnt ligands (Wnt3a, Wnt5 and Wnt10b), Hedgehog, Jagged-Notch signaling, hypoxia and bio active lipids, whereas the nuclear re ceptor PPAR-γ (peroxisome proliferator-activated receptor γ) inhibits these transitions and promotes cellular quiescence. 33, 34 The Jagged-Notch pathway controls the formation of boundaries between groups of cells during embryogenesis, and mediates both EMT and myofibroblast differentiation. These responses involve proteolytic cleavage of Notch by ADAM17 and induction of Snail, which on its own is sufficient to induce scleroderma-like skin fibrosis in transgenic mice. 35 Normal fibroblasts stimulated by the Notch ligand Jagged show increased collagen gene expression and myofibroblast transition, 36 whereas pharmacological blockade of Notch signaling by inhibiting γ-secretase prevents TGF-β-induced EMT and ameliorates experimental skin fibrosis in mice. 37 The Notch pathway has now been shown to be hyperactivated in SSc and other forms of fibrosis. 36 The Hedgehog-Patched signaling pathway is also involved in organ development during embryogenesis, and aberrant Hedgehog signaling has been implicated in a variety of cancers, as well as fibrosis in the lung, liver and gastrointestinal tract. 38 Hedgehog activates an osteopontin-mediated signaling pathway that induces EMT and myofibroblast differentiation. An unpublished study has demonstrated elevated Hedgehog expression and signaling in the skin of SSc patients (J. Distler, personal communication).
Persistence of the fibrotic response
A number of extracellular cues are capable of triggering fibroblast activation (Box 2). The role of these signals in fibrosis has been established in mice, where transgenic expression (gain of function) causes a spontaneous or exaggerated fibrotic phenotype, whereas knockout (loss of function) affords protection from experimentally induced fibrosis.
1-3 These cues are commonly generated in response to tissue injury, and normally serve to effect rapid tissue repair and regeneration. However, their persistent paracrine or autocrine activities, coupled with loss of endogenous compensatory mechanisms and accumulation of additional stimulatory signals generated from the damaged tissue, drive unopposed fibroblast activation, resulting in progressive fibrosis.
The interferon signature
Innate immune signaling is implicated not only in the immune dysregulation associated with SSc, but also in fibrosis itself. Pattern recognition receptors, such as Tolllike receptors (TLRs), lectin receptors, scavenger receptors (for example, CD36 and MARCO), complement receptors and cytosolic receptors (for example, NODlike receptors [NLRs]), are the critical cellular sensors for exogenous danger. 39 TLRs are activated not only by microbial ligands, termed pattern-associated molecular patterns (PAMPs), but also by nucleic acids and immune complexes containing autoantibodies. In plasma cytoid dendritic cells, TLR activation leads to secretion of interferon α (IFN-α), a potent immune modu lator that is implicated in the pathogenesis of systemic lupus erythe matosus (SLE). Increased expression of IFNregulated genes (termed the 'IFN signature') corre lates with disease activity and severity in SLE. The presence of an IFN signature has also been reported in SSc, albeit one of a lower magnitude than is seen in SLE. 13, [40] [41] [42] [43] [44] The IFN signature in SSc is associated with the presence of autoantibodies against topoisomerase I, and is thought to reflect endosomal TLR activation by nucleic-acidcontaining immunocomplexes. 40 Genome-wide association studies have revealed an association between SSc and IRF5 (interferon regulatory factor 5) and other genes involved in IFN production or signaling. 45 Because IFNs generally act as negative regulators of collagen synthesis and TGF-β-mediated fibrotic responses, it remains unclear whether type I IFN signaling in SSc promotes tissue fibrosis directly via induction of other cytokines (such as IL-1 and IL-6) or indirectly via microvascular injury and apoptosis, or instead represents a protective response initiated in an attempt to limit fibroblast activation and attenuate fibrosis. This issue might be resolved experimentally with agents that block IFN signaling.
Fibroblast innate immune recognition signaling
Type I interferon production is intimately linked to innate immune signaling via TLRs. In contrast to cells of the immune system, the expression and function of TLRs in fibroblasts is poorly understood. Type I IFN stimulates TLR3 expression and TLR3-mediated responses in normal skin fibroblasts. 46 The synthetic TLR3 ligand polyinosinic:polycytidylic acid (poly I:C), a mimic of viral RNA, was shown to induce the expression of several extracellular matrix genes in fibroblasts in vitro, and chronic subcutaneous administration in mice resulted in dermal fibrosis. 47 In other studies, however, we found that while poly I:C caused TLR3-dependent increases in IFN-β and inflammatory cytokines and chemokines such as IL-6 and CXCL10, collagen gene expression and myofibroblast differen tiation were inhibited (J. Varga, unpublished data). Moreover, in the presence of poly I:C, normal fibroblasts became unresponsive to TGF-β, suggesting that TLR3 signaling attenuates fibrosis. Indeed, mice given systemic (intraperitoneal) poly I:C were protect ed from bleomycin-induced fibrosis. 48 In contrast to TLR3 (an endosomal receptor), TLR4 is expressed at the cell surface and seems to mediate profibrotic responses. In addition to microbial ligands, fibroblast TLR4 can be activated by DAMPs that are generated in situ as a consequence of cell damage, matrix remodeling, autoimmunity and oxidative stress. 49 Endogenous ligands of TLR4 that are implicated in SSc belong to three broad categories: extracellular matrix molecules, such as hyaluronan, alternatively spliced Fn EDA (which is normally expressed during embryogenesis), tenascin C and biglycan; cellular stress proteins, such as HMGB1 and HSP60; and nucleic-acid-containing immune complexes. We have demonstrated elevated TLR3 and TLR4 expression, along with striking accumulations of the endo genous TLR4 ligands hyaluronan, tenascin C and Fn EDA , in lesional skin and lung biopsies from patients with SSc (S. Bhattacharyya et al., unpublished data). Fn EDA is of special relevance for fibrosis, as this matrix protein has long been known to be indispensible for myofibroblast differentiation. 50 Mice lacking Fn EDA fail to develop lung fibrosis when challenged with bleomycin, or cardiac fibrosis following myocardial infarction. 51, 52 In normal mesenchymal cells, TLR4 activation by micro bial ligands (such as lipopolysaccharide) or endogenous ligands induces a modest fibrotic response on its own, but is associated with synergistic stimulation of collagen, α-SMA and other markers of fibrosis in the 23, 24 Abbreviations: CBP, CREB-binding protein; EGR, early growth response protein; ERK, extracellular signal-regulated kinase; FAK1, focal adhesion kinase; Fli-1, friend leukemia integration 1 transcription factor; miR, microRNA; PPAR-γ, peroxisome proliferatoractivated receptor γ; PTEN, phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase and dual-specificity protein phosphatase; SMAD, mothers against decapentaplegic homolog; SSc, systemic sclerosis; TGFR1, transforming growth factor β receptor 1.
presence of TGF-β. 53 Circulating anti-fibroblast autoantibodies, detected in the serum of some SSc patients, trigger a TLR4-mediated inflammatory response in normal dermal fibroblasts, with increased expression of inflammatory and profibrotic chemokines. 54 Mechanisms underlying the profibrotic effect of TLR4 signaling include potentiation of TGF-β activity via upregulation of the TGF-β pseudoreceptor BAMBI and suppression of antifibrotic miRNAs such as miR-29. C3H/HeJ mice, which have a mutated TLR4, and mice with genetic ablation of TLR4, are protected from multiple types of experimental fibrosis, 53, [55] [56] [57] [58] highlighting the importance of TLR4 in this process. In addition to TLRs, cellular immunity can also be triggered via the TLR-independent cytosolic receptors RIG-I, MDA5 and the NLRs NOD1 and NOD2, and activation of NALP3, a component of the inflammasome. 59 Inflammasome activation and IL-1β production is implicated in numerous animal models of fibrosis, and might have a role in SSc and environmentlinked scleroderma-like conditions, such as gadoliniumassociated nephrogenic systemic fibrosis. 60 In the skin, lungs and other affected organs in SSc, injury results in the generation of soluble or matrixassociated molecules that serve as cues to initiate or maintain the activation and differentiation of parenchymal fibroblasts and other mesenchymal cell types.
Together, these observations suggest that activated fibroblasts that are exposed to certain environmental or endogenous damage-associated TLR ligands and other danger signals display enhanced TGF-β responses, exacerbating and perpetuating the fibrotic process. In this way, fibroblast innate immune signaling triggered by endogenous ligands might be one of the key pathways for converting self-limited regenerative repair into an aberrant and intractable fibrotic process (Figure 2 ).
Transforming growth factor β The pleiotropic cytokine TGF-β is recognized as a master regulator of both wound healing and pathological fibrosis. Although macrophages are an important source of TGF-β, most cells are actually capable of both secreting and responding to this cytokine. In the fibrotic cellular milieu, the bioavailability of TGF-β is regulated by its secretion from tissue-infiltrating macrophages, as well as by local activation of its matrix-bound latent form, a process mediated by cell-surface integrins (α V β 3 , α V β 5 and α V β 8 on fibroblasts). Binding of latent TGF-β to these integrins causes conformational changes in the TGF-β complex that result in liberation of active TGF-β in the pericellular environment. The expression of α V β 3 and α V β 5 integrins is upregulated on SSc fibroblasts, which results in activation of latent TGF-β in the pericellular environment, causing fibroblast activation. 61, 62 In SSc-associated lung fibrosis, upregulation of α V β 6 integrin on airway epithelial cells is thought to be responsible for increased local TGF-β activity, and represents a promising antifibrotic drug target that is currently under intense study. 63 Exposure of normal fibroblasts to TGF-β results in a robust and broad fibrotic response, with stimulation of collagen and Fn EDA synthesis, production of connective tissue growth factor (CTGF; also known as CCN2) and upregulation of matrix gene expression, along with myofibroblast transformation and enhanced adhesion, contractility, migration and survival. 64 These TGF-β responses reflect the coordinated transcriptional upregu lation of hundreds of genes: microarray studies have demon strated the presence of a strong TGF-β-activated gene signature in skin biopsies from a subset of patients with SSc. 65 Individuals within this SSc subset have diffuse cutaneous disease, with more skin fibrosis and lung involvement compared with patients whose biopsies show no evidence of an activated TGF-β pathway. Elevated expression of both TGF-β receptors [66] [67] [68] and TGF-β-activating integrins on SSc fibroblasts suggests that ongoing autocrine TGF-β stimulation accounts for the maintenance of the activated SSc fibroblast phenotype, even in the absence of exogenous stimuli. While studies provide support for the 'autocrine TGF-β hypo thesis' , inhibition of type I TGF-β receptor-SMAD signaling in SSc fibroblasts in vitro only incompletely 'normalized' their activated phenotype. 69, 70 A potential explanation could be that autocrine TGF-β stimulation contributes to the SSc fibroblast phenotype Growth factors, peptides, bioactive lipids and ROS ■ Wnt proteins (e.g. Wnt3a, Wnt10b): involved in embryonic development and organogenesis; aberrantly activated in SSc and in mouse models of scleroderma ■ CTGF: matricellular protein; rapidly induced by TGF-β; marker of fibrosis in SSc ■ PDGF: PDGFRs expressed by pericytes in patients with early SSc; PDGFRα induces fibrosis in transgenic mice ■ IGFBP5: increased levels in idiopathic lung fibrosis tissue and explanted fibroblasts ■ Endothelin 1: increased levels in plasma and skin of patients with early active SSc ■ LPA: increased levels in SSc; LPA-knockout mice are resistant to bleomycin-induced skin and lung fibrosis ■ Thrombin: increased in SSc-associated interstitial lung disease and in bleomycin-induced lung fibrosis in mice ■ ROS: generated by oxidative stress; activates normal fibroblasts via PDGFR Chemokines ■ CXCL12, CXCR4: implicated in defective vascular repair ■ CCL2: increased levels in SSc skin and SSc fibroblasts Autoantibodies ■ Anti-topoisomerase I antibodies: specific for SSc ■ Anti-fibroblast antibodies: detected in SSc serum; activate normal fibroblasts ■ Anti-PDGFR and anti-AT1R antibodies: elevated in SSc; activate normal fibroblasts Abbreviations: AT1R, angiotensin II type 1 receptor; CCL2, CC-chemokine ligand 2; CTGF, connective tissue growth factor; CXCL12, CXC-chemokine ligand 12; CXCR4, CXC-chemokine receptor 4; IGFBP5, insulin-like growith factor-binding protein 5; LPA, lysophosphatidic acid; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; ROS, reactive oxygen species; SSc, systemic sclerosis; TGF-β, transforming growth factor β; T H 17 cell, type 17 helper T cell.
via non-canonical (SMAD2/SMAD3-independent) signaling pathways; for instance, TGF-β activates SMAD1, along with AKT and ERK1 and ERK2, each of which are constitutively expressed or phosphorylated in SSc fibroblasts. [71] [72] [73] The ERK1/ERK2 pathway is involved in regulation of early growth response protein 1 (EGR1) expression and the c ontractile phenotype of SSc fibroblasts. 71, 74 Although pharmacological blockade of TGF-β is feasible as a strategy for controlling fibrosis, the pleiotropic actions of TGF-β raise concerns that interfering with this essential physiological signaling molecule could result in untoward toxicities. 64 Instead, therapies that block the downstream effectors of the TGF-β response might be more selective as inhibitors of fibrosis. The profibrotic responses triggered by TGF-β are mediated via both canonical SMAD and SMAD-independent pathways involving the kinases ERK1, ERK2, TAK1, AKT, JNK and p38, EGR1, FAK1 and c-Abl. [74] [75] [76] [77] [78] In addition to constitutive SMAD2/SMAD3 phosphorylation and nuclear localization, multiple abnormalities in SMAD signaling have been identified in SSc fibroblasts. 67, 72, [79] [80] [81] [82] [83] In light of the essential role of TGF-β in fibrosis, biologic agents that neutralize TGF-β or prevent its integrinmediated activation, and small molecules that selectively block TGF-β signaling downstream of its receptor, are attractive. Indeed, several inhibitory agents are under pre clinical development. It seems likely that therapies targeting TGF-β signaling will be most effective in those SSc patients who demonstrate molecular evidence of TGF-β pathway activation.
c-Abl mediates fibrotic responses
In normal fibroblasts, but not epithelial cells, both TGF-β and PDGF activate c-Abl, a non-receptor tyrosine kinase associated with chronic myelogenous leukemia (CML). 84, 85 Importantly, in fibroblasts, endogenous c-Abl is required for the profibrotic responses induced by TGF-β. Imatinib, a relatively selective c-Abl inhibitor that is highly effective for treating CML, blocked the stimulation of collagen synthesis and fibroblast proliferation induced by TGF-β, and suppressed collagen gene expression in SSc fibro blasts 85 (S. Bhattacharyya et al., unpublished data). More over, imatinib also blocks PDGF receptor-mediated res ponses. Imatinib interfered with cutaneous wound heal ing in vivo, 86 and in mouse models ameliorated experimental skin and lung fibrosis. 84, 87, 88 While these observations suggest that blocking c-Abl and PDGF signaling with imatinib might control fibrosis, a multicenter randomized clinical trial showed no therapeutic efficacy of imatinib in idiopathic pulmonary fibrosis. 89 Results from ongoing studies in SSc are eagerly anticipated.
Early growth response genes EGR1 is the prototypical member of a family of zinc finger transcription factors. 90 The expression of EGR1 is rapidly induced by cytokines, lipids, mechanical damage and hypoxia at sites of injury. Under these conditions, EGR1 expression and activity is short lived. We showed that, in normal fibroblasts, EGR1 is also induced by, and mediates some of the fibrotic activities of, TGF-β. 74, 85, 91, 92 The induction of EGR1 was also blocked by imatinib. 85 Levels of EGR1 are elevated in skin and lung fibroblasts explanted from patients with SSc, and elevated EGR1 expression is seen in lesional skin and fibrotic lungs (Figure 3) . Moreover, an EGR1-regulated gene signature can be detected in lesional skin biopsies from some patients with diffuse cutaneous SSc. 93, 94 As EGR1 directly induces a broad range of profibrotic genes and genes involved in wound healing, including NOX4 and TGF-β itself, sustained EGR1 expression in SSc might exacerbate fibroblast activation and contribute to the progression of fibrosis.
Connective tissue growth factor CTGF is a 38 kDa cysteine-rich member of a family of matricellular proteins that is strongly induced by TGF-β, and is overexpressed in most fibrotic diseases. While initial studies implicated CTGF as a major downstream mediator of the fibrotic responses elicited by TGF-β in fibroblasts, CTGF is currently considered to be more of a TGF-β cofactor that enhances TGF-β binding to its receptors. CTGF seems to be required for maximal induction of some TGF-β target genes. 95 It has been proposed that CTGF signals through cell-surface integrins to promote adhesive signaling in fibroblasts; however, a bona fide CTGF signaling receptor has not been identified to date, and the mechanisms responsible for CTGF-mediated fibrotic responses remain controversial. Constitutive fibroblast-specific Ctgf expression in transgenic mice was associated with the development of a scleroderma-like phenotype, with myofibroblast accumulation and dermal and perivascular fibrosis. 96 Mice with targeted deletion of Ctgf die shortly after birth, whereas mice with conditional Ctg f deletion only in fibroblasts were resistant to bleomycin-induced fibrosis. 97 Explanted SSc fibroblasts overexpress CTGF in vitro, and elevated CTGF levels have been reported in lesional skin and the serum of patients with SSc. A genetic study demonstrated an association between SSc and a single nucleotide polymorphism in the CTGF promoter causing elevated CTGF expression. 98 
Endothelin 1
The endothelins are potent vasomodulatory peptides produced by endothelial cells, but also by macrophages, fibroblasts and other cell types. Endothelin 1 (ET-1) signaling via the endothelin receptors A (ETRA) and B (ETRB) on fibroblasts induces fibroblast migration and myofibroblast differentiation in vitro. 99 These cellular responses seem to be mediated via SMAD-independent pathways involving TAK1. The expression of ET-1 and its receptors is elevated in SSc skin. 100 The expression of ET-1 is induced by TGF-β, and like CTGF, ET-1 is considered to be a downstream mediator of some profibrotic TGF-β responses. 101 Although blocking ET-1 signaling in mice prevented the development of bleomycin-induced pulmonary fibrosis, 102 controlled clinical trials using the dual ET-1 receptor antagonist bosentan failed to show significant antifibrotic efficacy of ET-1 inhibition.
Wnt-β-catenin signaling
The Wnts are poorly soluble secreted glycoproteins with key roles in embryonic development. Intracellular Wnt signaling involves the Frizzled and LRP5/LRP6 receptors and canonical β-catenin pathway. 104 The intensity and duration of Wnt-β-catenin signaling is normally tightly regulated by endogenous inhibitors, such as secreted Frizzled-related proteins (sFRP), Dkk1 and Wnt inhibitory factor (WIF). Expression of a large number of genes is regulated by Wnt-β-catenin signal ing in a cell-typespecific manner. 105 Stimulation of normal fibroblasts with Wnt ligands results in β-catenin-mediated expression of collagen and other matrix genes, enhanced myofibroblast differentiation and increased cell migration. [106] [107] [108] [109] Genome-wide expression profiling demonstrated elevated expression of several Wnt ligands and Wnt-β-catenin target genes in pulmonary fibrosis and SSc. 10, [110] [111] [112] Other studies demonstrated nuclear β-catenin localization in fibroblast-like cells present in affected tissues, indicative of activated Wnt-β-catenin signaling. [113] [114] [115] Chronic β-catenin signaling in fibrotic tissues represents aberrant recapitulation of embryologic developmental programs, and might result from Wntligand-independent, constitutive β-catenin activation induced by extracellular matrix components, such as SPARC and Fn EDA , acting in a self-amplifying autocrine feedback loop. 107, 116 The ability of canonical Wnts to induce fibroblast activation and progenitor cell differentiation in vitro, coupled with evidence of chronic Wnt-ligand-independent β-catenin signaling in lesional tissues, supports an important role for this developmental pathway in SSc. Block ing Wnt-β-catenin signaling with currently available drugs, such as the PPAR-γ ligand thiazolidine diones, the vitamin D derivative paricalcitol, 117 the anti helminthic drug pyrvinium, or novel small molecules, 108, 118 represents a potential antifibrotic therapeutic approach deserves investigation.
Effect of matrix stiffness on fibrogenesis
The mechanical properties of the extracellular matrix environment influence the behavior of resident mesenchymal cells. Because substrate stiffness modulates fibro blast morphology, migration, proliferation, differentiation and biosynthetic activity, the stiffness of an affected tissue is not just an outcome of fibrosis, but is itself responsible for amplifying and sustaining fibrogenesis. 119 Following injury, a rapid increase in the stiffness of the affected organ occurs, which might even precede the appearance of morphologic hallmarks of fibrosis. 120 Fibrosis in the skin, lungs and other organs is associated with sometimes striking increases in matrix stiffness. Plating of explanted fibroblasts on substrates of increasing stiffness causes their activation, reflecting the activation of matrix-bound latent TGF-β by biomechanically stressed fibroblasts. 121 Other studies have shown that biomechanical strain generated by stiff matrix suppresses cyclooxygenase 2 expression and production of prostaglandin E2, an autocrine inhibitor of fibroblast activation. 122 Fibroblasts sense matrix stiffness via integrins and changes in cytoskeletal tension mediated by focal adhesion kinase (FAK) or Rho-associated kinase (ROCK). The implication of these findings is that matrix stiffening during fibrogenesis itself drives further fibroblast activation and matrix deposition, creating a self-amplifying feed-forward loop. Targeting the activity of the collagen cross-linking enzyme lysyl oxidase and blocking integrinmediated biomechanical signaling in fibroblasts represent potential therapeutic strategies to interfering with the vicious cycle of stiffness-driven fibrogenesis.
Integrin signaling and TGF-β crosstalk By binding to the extracellular matrix outside the cell and to the cytoskeleton intracellularly, the integrin family of transmembrane receptors integrate the extracellular environ ment with cellular behavior, and are essential for adhesive signaling. 123, 124 Several integrins also control TGF-β localization and activation. All integrins consist of α and β subunits. The β 1 integrin subunit mediates fibroblast attachment to type I collagen and fibronectin, and has long been known to have a role in tissue repair. Its expression is induced by TGF-β, but its role in mediating TGF-β activation is not entirely clear. By contrast, β 1 integrin activation results in integrin-linked kinase-mediated fibroblast adhesion to the matrix, and is essential for matrix contraction. Mice with fibroblast-specific conditional β 1 integrin knockout show defective wound healing, and are protected from bleomycin-induced skin fibrosis. 125, 126 Extensive bidirectional crosstalk exists between integrin and TGF-β signaling in fibrosis, with TGF-β inducing integrin expression and integrins modulating TGF-β activation and signaling. 123 The α V β 6 integrin, expressed on injured epithelial cells, is a potent inducer of latent TGF-β activation. 127 Like other TGF-β-binding integrins, α V β 6 interacts with the RGD motif on the latent TGF-β complex, causing its spatially restricted activation. 128 Constitutive α V β 6 expression in the epidermis in transgenic mice is associated with enhanced TGF-β activation and cutaneous fibrosis. 129 Mice with deleted β 6 integrin are protected from lung fibrosis and, moreover, blocking β 6 with an antibody protected mice from developing experimentally induced pulmonary fibrosis. 63 Idiopathic and SSc-associated pulmonary fibrosis are accompanied by markedly increased expression of α V β 6 integrins on epithelial cells at fibrotic foci, with consequent liberation of activated TGF-β in the microenvironment. 63 Inhibition of profibrotic TGF-β signaling restricted to sites of β 6 -integrin-mediated TGF-β activation might, therefore, be a strategy to bypass global TGF-β inhibition that could potentially be complicated by autoimmunity.
The α V β 5 and α V β 3 integrins are expressed on fibroblasts, and activate latent TGF-β at the cell surface. The expression of these integrins is significantly increased on SSc fibroblasts, which might directly contribute to their activated phenotype. 61, 62, 130 Patients with stiff skin syndrome, a rare autosomal-dominant, inherited scleroderma-like condition, have mutations in the fibrillin-1 gene (FBN1) that disrupt α V β 3 integrin function and, subsequently, the ability of fibroblasts to interact with the surrounding matrix, resulting in increased TGF-β accumulation and activity in the dermis. 131 Thus, in light of their extensive crosstalk with profibrotic TGF-β signaling, integrins provide attractive therapeutic targets for interfering with TGF-β signaling.
Autoantibodies
Patients with SSc have unique autoantibodies that are not associated with other autoimmune diseases. SSc-specific antibodies against ubiquitous autoantigens, such as topoisomerase I and the centromere, accurately identify distinct disease subsets, and their titers might correlate with disease severity and activity. In contrast to their wellrecognized diagnostic utility, however, the contribution of SSc-specific autoantibodies in pathogenesis remains uncertain. One study showed that anti-topoisomerase I antibodies bind to topoisomerase I on the cell surface, resulting in enhanced monocyte adhesion to fibroblasts. 132 Additional autoantibodies against cell-surface epitopes (anti-fibroblast antibodies), receptors (such as PDGF), extracellular matrix components (such as fibrillin 1) or matrix-degrading metalloproteinases (such as MMP-3) have been described in patients with SSc, and might have a direct role in disease pathogenesis. 133 Anti-fibroblast antibodies-reportedly present in up to 40% of patients with SSc-were shown to induce ICAM1 expression and stimulate the production of IL-6 and profibrotic chemokines in normal dermal fibroblasts. 54 Antibodies against fibrillin 1, reported in one study to occur in a majority of North American patients with SSc, were shown to stimulate collagen gene expression in dermal fibroblasts via endogenous TGF-β signaling. 134 However, a subsequent study in European patients with SSc failed to detect anti-fibrillin 1 autoantibodies. 135 Another study described the presence of circulating antibodies that bind to the PDGF receptors on normal dermal fibroblasts and induce their activation, resulting in ROS generation, enhanced collagen synthesis and myofibroblast differentiation. 136 While stimulatory anti-PDGF-receptor antibodies were detected in all 46 patients with SSc examined in this report, subsequent studies have failed to reproduce these findings. 137, 138 Vascular injury and oxidative stress The double insults of vascular injury and matrix deposition in SSc give rise to vascular rarefaction and tissue hypoxia, which in turn is itself a potent stimulus for the synthesis of collagen and its cross-linking enzyme lysyl hydroxylase, fibronectin and fibrogenic cytokines. 138 Hypoxia can also drive EMT via autocrine TGF-β signaling or hypoxia-inducible factor 1. 31, 139 Thus, hypoxia resulting from capil lary rarefaction directly contributes to propagation of a vicious cycle of fibrogenesis. Vascular injury is associated with activation of the coagulation cascade and accom panying generation of thrombin. Thrombin acts as a potent stimulus for myofibroblast differentiation, and blocking its activity with dabigatran amelio rates experimental lung fibrosis in mice. 140 Thrombin also promotes platelet activation, which is a prominent feature of SSc.
Activated platelets release PDGF, a potent mitogen; transgenic mice expressing a constitutively active PDGF receptor α develop skin and lung fibrosis. 141 Activated platelets also secrete serotonin, which stimulates fibroblast matrix synthesis via 5-HT 2B receptors. 142 Oxidative stress due to excessive generation of oxygen free radicals and related ROS is prevalent in SSc, and contributes to the progression of tissue damage. 143 In fibroblasts, TGF-β induces the NADPH oxidase enzyme NOX4, which catalyzes the reduction of oxygen to ROS. 144 In turn, ROS act as signals to induce fibroblast activation and myofibroblast differentiation. Indeed, ROS seem to be required for the execution of the profibrotic effects of TGF-β. Pharmacological targeting of NOX4 protects mice from experimental fibrosis. 144 Fibrotic tissues demonstrate elevated NOX4 expression, and explanted SSc fibroblasts spontaneously generate ROS. 144, 145 Spontaneous ROS production might con tribute to an autocrine amplification loop and persistent activation of these cells.
Bioactive lipids
Bioactive lipids are potent modulators of fibroblast function, and some prostanoids have been shown to directly or indirectly inhibit fibrotic responses. 146 By contrast, prostaglandin F 2α (PGF 2α ) stimulates collagen production and fibroblast proliferation, and is elevated in fibrotic lungs. 147 Lysophosphatidic acid (LPA), generated at sites of injury by hydrolysis of membrane phospholipids, exerts multiple biological activities via G-protein coupled receptors. 148 LPA induces fibroblast activation and migration, and mice with genetic deletion of the LPA receptor 1 (LPAR1) are protected from bleomycin-induced lung and skin fibrosis. 149, 150 Moreover, by stimulating α V β 6 -integrinmediated TGF-β activation in epithelial cells, LPA might contribute to sustained autocrine TGF-β signaling and fibrosis. 151 Small molecules that block LPAR1 signaling are in preclinical development as antifibrotic therapies.
PPAR-γ: endogenous fibrosis inhibitor
The progression of pathological fibrosis in SSc is exacerbated by the failure of intrinsic mechanisms that normally constrain fibroblast activation. An important component of the antifibrotic defense armamentarium is the nuclear receptor PPAR-γ. 152 Originally identified in adipose tissue, PPAR-γ is known to be broadly expressed and have fundamental roles in glucose and lipid metabolism, energy homeostasis and inflammation. Endogenous and diet-derived fatty acids and prostanoids, such as 15d-prostaglandin J 2 (15d-PGJ 2 ), are natural PPAR-γ agonists, whereas the thiazolidinedione class of insulin-sensitizing drugs (for example, rosiglitazone or pi oglitazone) are potent synthetic agonists.
An entirely novel function for PPAR-γ in connective tissue homeostasis has emerged during the past 10 years. In normal fibroblasts, PPAR-γ ligands abrogate TGF-β-induced fibrotic responses. [152] [153] [154] Moreover, PPAR-γ blocks EMT and the differentiation of preadipocytes into fibroblasts. 33 Specific deletion of PPAR-γ in mouse fibroblasts or hair follicle stem cells resulted in markedly exaggerated skin fibrosis and spontaneous develop ment of scarring alopecia. 155, 156 On the other hand, pharmaco logic activation of PPAR-γ signaling attenuated bleomycin-induced scleroderma in mice. 157 A decrease in PPAR-γ expression in target tissues accompanies progression of fibrosis in experimental models of lung, liver and kidney fibrosis, and in normal aging. [158] [159] [160] [161] These studies suggest a key physio logic function of PPAR-γ signaling as an endogenous mechanism to prevent excessive fibrogenesis following injury. We observed reduced PPAR-γ expression, and an inverse correlation between PPAR-γ expression and TGF-β signaling, in skin biopsies from a subset of patients with SSc. 161 Moreover, serum levels of adiponectin, a sensitive marker of PPAR-γ activity, were reduced in patients with diffuse cutaneous SSc, and showed an inverse correlation with skin score.
Several factors implicated in the pathogenesis of fibrosis-TGF-β, Wnt proteins, IL-13, hypoxia, LPA, CTGF, leptin and miR-27-are known to suppress PPAR-γ activity or expression. 113 Thus, aberrant expression or activity of these profibrotic mediators might be responsible for impaired PPAR-γ function in SSc, which in turn contributes to fibrosis progression. The use of synthetic agonists to induce the activation of PPAR-γ signaling, or pharmacological enhancement of defective PPAR-γ tissue expression, might be effective novel approaches to the treatment of fibrosis.
Conclusions
Loss of the functional integrity of vital organs caused by progressive fibrosis accounts for the late mortality in patients with SSc. Because immunomodulatory therapies have not been proven to be effective in controlling fibrosis, therapeutic progress depends on the emergence of new paradigms for its pathogenesis. An explosion of information from recent studies raises many new questions, challenges accepted wisdom, and provides myriad novel opportunities for further investigation. Cellular plasticity, aberrant recapitulation of embryological genetic programs, altered epigenetic modifications and miRNA regulation, and the occurrence of self-amplifying feed-forward loops driven by hypoxia, matrix stiffness and tissue damage, all contribute to an abnormal tissue repair process decoupled from the primary injury that, if left unchecked, progresses to intractable fibrosis. Many potential opportunities exist for interfering with the process, and there is now a rich pipeline of biologic agents with which to neutralize the principal extracellular signals driving fibroblast activation (individually or in combination); agents to attenuate oxidative stress and reduce matrix stiffness and selectively shape the immune response; and small molecules to disrupt intracellular signaling pathways linked to fibrotic outcomes. Moreover, existing drugs approved for other indications show antifibrotic activity, and could be 'repurposed' as therapies for patients with fibrotic conditions. A critical challenge going forward will be to develop robust pathomechanism-based patient classifications so that a particular intervention can be targeted to the most appropriate subset of patients. The success of clinical trials of antifibrotic therapies will be critically dependent on biomarkers that reflect fibrogenic activity and cumulative fibrotic burden in clinically meaningful ways.
Review criteria
MEDLINE and PubMed databases were searched for original articles focusing on fibrosis published between 2006 and 2011. The search terms used were "systemic sclerosis", "fibrosis", "scleroderma" and "fibroblast activation". All papers identified were English-language, full text papers. The reference lists of identified articles were searched for further papers.
